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http://dx.doi.org/10.1016/j.kjms.201Abstract Noise, vibration, and low temperature render specific occupational hazards to la-
bor employees. The purpose of this research was to investigate the combined effects of these
three physical hazards on employees’ physiological parameters. The Taguchi experimental
method was used to simulate different exposure conditions caused by noise, vibration, and
low temperature, and their effects on the physiological parameters of the test takers were
measured. The data were then analyzed using statistical methods to evaluate the combined
effects of these three factors on human health. Results showed that the factor that influenced
the finger skin temperature, manual dexterity, and mean artery pressure (MAP) most was air
temperature, and exposure time was the second most influential factor. Noise was found to
be the major factor responsible for hearing loss; in this case, handearm vibration and temper-
ature had no effect at all. During the study, the temperature was confined in the 5e25C range
(which was not sufficient to study the effects at extremely high- and low-temperature working
conditions) because the combined effects of even two factors were very complicated. For
example, the combined effects of handearm vibration and low temperature might lead to
occupational hazards such as vibration-induced white finger syndrome in working labors.
Further studies concerning the occupational damage caused by the combined effects of haz-
ardous factors need to be conducted in the future.
Copyright ª 2013, Kaohsiung Medical University. Published by Elsevier Taiwan LLC. All rights
reserved.blic Health, Taipei Medical University, 250 Wu-Hsing Street, Taipei City 110, Taiwan.
(C.-Y. Hu).
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movement of blood tubes [19]. Previous studies indicatedEffect of noise on human health
In general, the effect of noise on human health can be
classified into auditory and nonauditory effects. Long-term
and/or excessive exposure to noise may lead to the
regression of hair cell or the organ of Corti [1], subse-
quently resulting in hearing loss [2]. Hearing loss is espe-
cially severe at frequencies around 4 kHz [3]. As for its
nonauditory effects, noise affects organs other than hear-
ing organs, resulting in their abnormal functioning, through
stimulating the autonomic nervous system (ANS), the net-
like nervous system, and the cerebral cortex.
Nonauditory effects usually result in fast heartbeat, high
blood pressure [4], muscle contraction leading to fatigue,
and reduction of light sensitivity. In general, the following
factors determine the severity of the hearing loss: (1) noise
level; (2) exposure time; (3) characteristics of the noise
frequency; and (4) difference in human characteristics [5].
Effect of a low-temperature working environment
Common health hazards induced by exposure to cold
include frostbite, chilblain [6], and a reduction of nerve
and muscle functionality [7]. Finger skin temperature (FST)
is indirectly related to finger blood flow and can reflect the
ability of the peripheral vascular system to provide oxygen
and nutrition. When FST decreases, agility and flexibility of
the body also decrease, resulting in a disease called “cold-
induced vasodilation” [8]. In addition, FST was found to be
related to room temperature during the cold exposure test
for diagnosing handearm vibration syndrome (HAVS) [9].
After the fingers were immersed in cold water, the increase
of FST was discovered to be related to finger blood flow
[10]. The ISO 14835-1 recommended in 2005 that the cold
provocation test should be applied primarily to diagnose
the vibration-induced white finger (VWF) disease. Morioka
et al. [11] found that the major complaints of over 60% of
low-temperature cold-storage workers were hand coldness
and pain, and that their blood pressure fluctuated markedly
during work. These parameters were revealed to be related
to the length of exposure time. Wyon et al. [12] indicated
that nervous conduction velocity decreases when the at-
mospheric temperature is lower from 24C to 18C. Other
previous studies have indicated that nervous conduction
velocity decreases by 15 m/s for every 10C decrease in skin
temperature [13], and manual dexterity is also affected by
temperature [14].
Influence of handearm vibration
Handearm vibration (HAV) occurs because of the transfer
of vibrations to the hand and arm when workers operate
hand tools [15]. In the early 1990s, studies investigating
blood tube obstacles resulting from the use of handearm
tools suggested that obstacles in nerve, blood tube, and
musculoskeletal system caused by HAVS were extremely
complicated [16], possibly leading to VWF [17]. Work-site
temperature was considered a critical factor in promoting
the occurrence of vibration-related diseases [18].HAV can induce vasospasm easily, hindering the normal
that temperature could directly influence the functionality
of the peripheral blood circulation system and change the
characteristics of the blood flow dynamics, resulting in blood
tube contraction, reduction in blood flow, and changes in
local or total blood circulation due to the contraction of
smooth muscle and the increase of blood viscosity [20].
Combined effects of noise, vibration, and low
temperature
Clarifying the interactions among noise, vibration, and low
temperature at work sites proved to be particularly chal-
lenging because of insufficient sampling size or difficulty in
obtaining necessary information [21]. Griefahn et al. [22]
stated that exposure to a medium-degree cold environment
might lead to hearing loss; however, sufficient data were
lacking to prove their postulation. Previous research found
combined effects of simultaneous exposure to low-quantity
noise and low temperature [23]. In a meta-analytic review,
Pilcher et al. [24] discovered an inverted U-shaped relation-
ship between body efficiency and temperature variation.
When exposed to a cold environment with temperatures
below 10C or to an environment with a wet bulb globe
temperature (WBGT) value greater than 32.2C, body effi-
ciency was observed to worsen markedly. Temperature on
the work site was found to be one of the critical factors in
rendering and spreading diseases [25]. Another research has
indicated that noise and cold are themajor hazardous factors
causing VWF [26]. The interaction between noise and vibra-
tionmay lead toVWFandapermanent threshold shift (PTS) in
the workers [27]. Considering these types of combined ef-
fects, hearing loss was more serious in those who had VWF
than in those who did not have VWF [28].
The mechanism of the effects of more than two physical
hazards on humans is very complicated. This paper aims at
studying the combined effects of physical hazards such as
noise, vibration, and low temperature on employees’
physiological parameters.
Materials and methods
Research targets
We recruited 23 volunteers (aged between 19 years and 22
years) who passed the health checkup to participate in the
laboratory experiments.
Research method
In this work, we adopted the Taguchi method as the
experimental design methodology and designed nine types
of experimental combinations based on various levels of
exposure to incorporate the influence of the following four
factors: room temperature (5C, 15C, and 25C) controlled
at a relative humidity of 70% with a wind speed of less than
0.5 m/s; HAV (none, 0.0584 m/s2, and 0.0749 m/s2); noise
(80, 90, and 100 dBA); and exposure time (30, 60, and 120
minutes) (Table 1).
Table 1 Exposure level of the volunteers.
Experiment
no.
Room
temperature
(C)
Handearm
vibration
Exposure
time (min)
Noise
level
(dBA)
1 5 0 30 80
2 5 1 60 90
3 5 2 120 100
4 15 0 60 100
5 15 1 120 80
6 15 2 30 90
7 25 0 120 90
8 25 1 30 100
9 25 2 60 80
Note:Forhandearmvibration, 0Znoexposure; 1Z0.0584m/s2;
and 2Z 0.0749 m/s2.
Table 2 Selected characteristics of the volunteers.
Number Sex Height (cm) Weight (kg) Age (y)
F-001 Female 169.1 48.3 22
F-002 Female 158.0 61.4 21
F-003 Female 165.0 61.0 21
F-004 Female 157.0 44.0 19
F-005 Female 154.0 54.2 19
F-006 Female 169.3 56.4 20
F-007 Female 162.7 63.7 20
F-008 Female 159.9 49.6 20
M-001 Male 171.1 93.4 19
M-002 Male 172.2 116.6 19
M-003 Male 174.0 65.5 19
M-004 Male 167.9 104.9 22
M-005 Male 166.3 114.3 22
M-006 Male 178.0 75.4 22
M-007 Male 174.9 75.5 21
M-008 Male 172.3 62.8 21
M-009 Male 176.3 67.2 20
M-010 Male 177.6 72.5 20
M-011 Male 172.7 63.5 20
M-012 Male 178.7 99.1 20
M-013 Male 166.2 79.2 21
M-014 Male 170.0 76.4 21
M-015 Male 174.1 60.8 20
Mean  SD 169.0  7.0 72.4  20.5 20.4  1.0
562 P.-C. Chao et al.HAV was simulated by operating an electrical drill. The
test participants reported to the laboratory half an hour
prior to the experiments and rested for 15 minutes before
the physiological parameters were measured. The
measured physiological parameters included blood pres-
sure, heart beat, finger flexibility (left hand, right hand,
and both hands), and hearing measurement (at frequencies
250 and 500 Hz, and 1, 2, 3, 4, and 6 kHz). The environ-
mental temperature, noise, and vibration levels of the
simulated environmental exposure cabin were established
according to the preset experimental conditions. The par-
ticipants then entered the simulated environmental expo-
sure cabin and rested for 2 minutes before the thermal
image of the skin temperature was analyzed. TheFigure 1. Flow diagram of the experimpreviously mentioned physiological parameters were
measured again after the participants were exposed for 1
hour. Hearing measurements were conducted 4e8 minutes
after the exposure was complete (Fig. 1).ents. FST Z finger skin temperature.
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The following are the instruments required for the experi-
ment: (1) Thermometer Center 304 (Tun-Hwa Electronic Ma-
terial Co, Taipei): used to measure FST; (2) Purdue Pegboard
Test (Lafayette Instruments, Lafayette, IN): used to measure
finger flexibility; (3) FLUKE Ti-20 thermal imager (FLUKE,
Singapore): used to measure the finger surface temperature;
(4) CROWN PM-9000 (Ta Fa Medical Instrument Co, Taipei):
used tomeasure heartbeat, blood pressure, and blood oxygen
content; (5) Diagnostic Audiometer AD 229e þ hearing test
box (Bilson Taipei): used to measure hearing levels at fre-
quencies 125, 250, 500, 750, 1000, 1500, 2000, 3000, 4000,
6000, and 8000 Hz; (6) speaker connected to a computer
(Logitech Taipei): used to provide a 100-dB stable noise
source; (7) TES-1358 frequency spectrum analyzer (TES-1358
Tes Electrical Electronic Corp Taipei): used to measure the
frequency spectrum between 30 and 130 dB. Microsoft Excel
was used to record the experimental data.Results
A total of 23 participants were in the laboratory (male: 15,
female: 8). The average height of the participants wasFigure 2. Analysis of the skin temperature of the fingers on (A) t
of noise vibration and low temperature.169  7.0 cm, the average weight was 72.4  20.5 kg, and
the average age was 20.4  1.0 years, with the eldest being
22 years old and the youngest being 19 years old (Table 2).
As shown in Fig. 2A and B, measurements of the skin
temperature of the fingers (of the right and left hands
separately) revealed that the right-hand FSTwas influenced
by temperature and exposure time, with temperature
exerting greater influence. Vibration and noise did not have
significant influence on the right-hand FST. A similar result
was noted when measuring left-hand FST. The Purdue
Pegboard test, which includes both assembled and sum
tests, was used to conduct the manual dexterity test.
During the assembled tests, temperature was observed to
exert the greatest influence, followed by exposure time
and vibration. By contrast, temperature exhibited greater
influence on the sum-type manual dexterity test than did
exposure time and vibration, and noise imposed nearly no
significant influence, which was slightly different from the
results obtained from the assembled type of manual dex-
terity test. Fig. 3 shows the difference.
As shown in Fig. 4, temperature was the major factor
influencing the mean artery pressure (MAP). Exposure time
played a slightly less significant role in influencing MAP. In
addition, as shown in Fig. 5, MAP was affected when we
moved from a nonvibration state to a vibration statehe right hand and (B) the left hand under the combined effects
Figure 3. Analysis of the manual dexterity tests under (A) combined and (B) sum effects.
564 P.-C. Chao et al.(0.0584 m/s2). However, MAP did not show a positive rela-
tionship with the increase of vibration. We found that MAP
was slightly affected when the noise level increased from
80 dB to 90 dB. In general, noise did not influence MAP
significantly.Figure 4. Mean artery pressure of volunteers under thNoise was the most influential factor in temporary
hearing loss (TTS). Exposure time was the second most
influential factor, but its impact was far less than that of
noise. TTS seemed to decrease when the temperature
increased from 5C to 15C, and seemed to be unaffectede effects of noise, vibration, and low temperature.
Figure 5. Temporary hearing loss of the volunteers under the effects of noise, vibration, and low temperature.
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affect TTS, as shown in Fig. 5.Discussion
Taguchi methods are efficient and low-cost statistical
methods, and consist of experimental designs that involve
the use of orthogonal arrays and signal-to-noise ratio (S/N
ratio; unit: dB) to determine the major influential factors
employing the minimal number of experiments and in the
shortest possible time. The S/N ratio is a stable index of
robustness, and its value is determined according to the
“smaller the better” approach [29]. The hazard stressesFigure 6. Relationships between the hazardous fand their interactions at the work sites are quite
complicated. The effects of single- and multiple-hazard
stresses on human health also vary. Fig. 6 shows the ef-
fects of the basic design classified into various combina-
tions using a single stress and multiple stresses. In this
research, noise, vibration, and low temperature were the
stresses, whereas TTS, FST, and MAP were the effects
[30].
Measurements of the temperature of the skin of both
hands (left and right hands) revealed that temperature was
the most influential factor, dropping sharply from 25C to
5C. Exposure time (30e120 minutes) was the second most
influential factor; however, the slope of the hand skin tem-
perature was not as big as that for the temperature effect.actors and health effects (Griefahn, 1998) [31].
566 P.-C. Chao et al.Kok et al. [12] pointed out that nervous conduction velocity
became slower when the temperature of the work site
dropped from 24C to 18C. In addition, another document
reported that nervous conduction velocity reduced by
approximately 15 m/s for every 10C decrease in the skin
temperature [13], which agreed with our findings.
Numerous previous studies have reported that low tem-
perature lowers manual dexterity [32]. The more the expo-
sure time, the higher the drop in the manual dexterity [33].
In this research, we found that both exposure temperature
and exposure time would affect manual dexterity and were
positively related regardless of whether it was an assembled
or a sum test. Exposure temperature was found to be the
major influential factor, and it had greater influence on the
assembled test than on the sum test. In addition, we also
sensed that vibration exerted only slight influence on the
manual dexterity in the assembled test; its influencewas not
as much as temperature and exposure time.
Lin et al. [34] reported that, in a work environment with
noise and vibration, workers’ MAP increases because of the
dysfunctions of the autonomic nervous system. In this
research, the primary and the second most influential
factors for MAP were determined to be temperature and
exposure time, respectively. MAP was affected when we
moved from a nonvibration state to a vibration state
(0.0584 m/s2). However, MAP was not affected when the
degree of vibration was increased (to 0.749 m/s2). This
phenomenon can be attributed to the fact that MAP would
restore to its original state after human hands become
accustomed to HAV.
Zhu et al. [35] believed that at 6 kHz and 4 kHz, the
combined effect of noise and vibration was more serious on
TTS than the effect imposed by noise exposure alone.
Another research indicated that TTS was affected at 8 kHz
and 4 kHz, but did not show significant differences for la-
borers as a whole [36]. This research found that, for the
combined effect of noise, vibration, and low temperature
on TTS, noise played the most influential roles, which
correspond with the findings of previous research. In addi-
tion, exposure time was determined to be the second most
influential factor and influenced TTS more than vibration
did. In this research, temperature was limited in the range
of 5e25C, and vibration was limited in the range of
0.584e0.749 m/s2. Determining the effects of the combi-
nation of extremely low- and high-temperature environ-
ments was beyond the scope of this research.Conclusions
This research investigated the combined effects of noise,
low temperature, and vibration on the physiological pa-
rameters of employees. The results showed that the major
influential factor for FST, finger dexterity, and MAP was
temperature. Exposure time was the second most influen-
tial factor. For TTS, noise was the major influential factor,
followed by exposure time; vibration did not have any
impact on TTS. The combined effects of low temperature,
noise, and vibration on workers are extremely compli-
cated, possibly leading to occupational diseases such as
VWF and PTS. Investigating these diseases require further
studies.Acknowledgments
This study was supported by the National Science Council of
Taiwan (grant NSC 97-2221-E-285A-001).References
[1] Lataye R, Campo P, Loquet G. Combined effects of noise and
styrene exposure on hearing function in the rat. Hear Res
2000;139:86e96.
[2] Konings A, Van Laer L, Van Camp G. Genetic studies on
noise-induced hearing loss: a review. Ear Hear 2009;30:
151e9.
[3] McBride DI, Williams S. Audiometric notch as a sign of noise
induced hearing loss. Occup Environ Med 2001;58:46e51.
[4] Lusk SL, Hagerty BM, Gillespie B, Caruso CC. Chronic effects of
workplace noise on blood pressure and heart rate. Arch En-
viron Health 2002;57:273e81.
[5] Osguthorpe JD, Klein AJ. Occupational hearing conservation.
Otolaryngol Clin North Am 1991;24:403e14.
[6] Biem J, Koehncke N, Classen D, Dosman J. Out of the cold:
management of hypothermia and frostbite. CMAJ 2003;168:
305e11.
[7] Enander A. Performance and sensory aspects of work in cold
environments: a review. Ergonomics 1984;27:365e78.
[8] SHitzer A, Stroschein LA, Vital P, Gonzalez RR, Pandolf KB.
Numerical analysis of an extremity in a cold environment
including countercurrent arterio-venous heat exchange.
J Biomech Eng 1997;119:179e86.
[9] Suizu K, Harada N. Effects of waterproof covering on hand
immersion tests using water at 10 degrees C, 12 degrees C and
15 degrees C for diagnosis of handearm vibration syndrome.
Int Arch Occup Environ Health 2005;78:311e8.
[10] Lindsell CJ, Griffin MJ. Interpretation of the finger skin tem-
perature response to cold provocation. Int Arch Occup Environ
Health 2001;74:325e35.
[11] Morioka I, Ishii N, Miyai N, Yamamoto H, Minami Y, Wang T,
et al. An occupational health study on workers exposed to a
cold environment in a cold storage warehouse. In: Yutaka T,
Tadakatsu O, editors. Oxford, UK: Elsevier ergonomics book
series. Elsevier; 2005. p. 199e204.
[12] Wyon DP, Kok R, Lewis MI, Meese GB. The effects of moderate
cold and heat stress on factory workers in Southern Africa. 4:
skill and performance in the heat. South Afr J Sci 1983;78:
306e14.
[13] A˚strand PO, Rodahl K. Textbook of work physiologydphysio-
logical bases of exercise. 3rd ed. Singapore: McGraw-Hill; 1986.
[14] Mantoni T, Belhage B, Pott FC. Survival in cold water. Physi-
ological consequences of accidental immersion in cold water.
Ugeskr Laeger 2006;168:3203e5.
[15] Bernard B, Nelson N, Estill CF, Fine L. The NIOSH review of
hand-arm vibration syndrome: vigilance is crucial. National
Institute of Occupational Safety and Health. J Occup Environ
Med 1998;40:780e5.
[16] Wasserman DE, Taylor W, Behrens V, Samueloff S, Reynolds D.
Vibration white finger disease in U.S. workers using pneumatic
chipping and grinding hand tools. I: epidemiology. Cincinnati,
OH: US Department of Health and Human Services, Public
Health Service, Centers for Disease Control, National Institute
for Occupational Safety and Health, Division of Biomedical
and Behavioral Science; 1982.
[17] Mahbub MH, Harada N. Review of different quantification
methods for the diagnosis of digital vascular abnormalities in
handearm vibration syndrome. J Occup Health 2011;53:
241e9.
Effect of hazardous factors on labor health 567[18] Babisch W. Epidemiological studies of the cardiovascular ef-
fects of occupational noise - a critical appraisal. Noise Health
1998;1:24e39.
[19] Bylund SH, Burstro¨m L, Knutsson A. A descriptive study of
women injured by handearm vibration. Ann Occup Hyg 2002;
46:299e307.
[20] Cherniack MG. Raynaud’s phenomenon of occupational origin.
Arch Intern Med 1990;150:519e22.
[21] Horvath SM, Bedi JF. Heat, cold, noise, and vibration. Med Clin
North Am 1990;74:515e25.
[22] Griefahn B, Mehnert P, Brode P, Forsthoff A. Working in
moderate cold: a possible risk to health. J Occup Health 1997;
39:36e44.
[23] Pellerin N, Candas V. Combined effects of temperature and
noise on human discomfort. Physiol Behav 2003;78:99e106.
[24] Pilcher JJ, Nadler E, Busch C. Effects of hot and cold tem-
perature exposure on performance: a meta-analytic review.
Ergonomics 2002;45:682e98.
[25] Bovenzi M, Franzinelli A, Strambi F. Prevalence of vibration-
induced white finger and assessment of vibration exposure
among travertine workers in Italy. Int Arch Occup Environ
Health 1988;61:25e34.
[26] Chao PC, Tsao TH, Chen CJ, Dai YT, Juang YJ. Assessment of
combined effects from exposure to cold stress, handearm
vibration and noise. Epidemiology 2011;22:S256e7.
[27] Pekkarinen J. Noise, impulse noise, and other physical factors:
combined effects on hearing. Occup Med 1995;10:545e59.[28] Iki M, Kurumatani N, Moriyama T, Ogata A. Vibration-induced
white finger and auditory susceptibility to noise exposure.
Kurume Med J 1990;37(Suppl.):S33e44.
[29] Chao PY, Hwang YD. An improved Taguchi’s method in design
of experiments for milling CFRP composite. Int J Prod Res
1997;35:51e66.
[30] Ma¨kinen TM, Hassi J. Health problems in cold work. Ind Health
2009;47:207e20.
[31] Griefahn B. Cold-its interaction with other physical stressors.
Arbete Och Halsa Vetenskaplig Skriftserie 1998:249e57.
[32] Leblanc JS. Impairment of manual dexterity in the cold. J Appl
Physiol 1956;9:62e4.
[33] Cheung SS, Montie DL, White MD, Behm D. Changes in
manual dexterity following short-term hand and forearm
immersion in 10 degrees C water. Aviat Space Environ Med
2003;74:990e3.
[34] Lin W, Chunzhi Z, Qiang Z, Kai Z, Xiaoli Z. The study on
handearm vibration syndrome in China. Ind Health 2005;43:
480e3.
[35] Zhu S, Sakakibara H, Yamada S. Combined effects of
handearm vibration and noise on temporary threshold shifts
of hearing in healthy subjects. Int Arch Occup Environ Health
1997;69:433e6.
[36] Pettersson H, Burstrom L, Nilsson T. The effect on the tem-
porary threshold shift in hearing acuity from combined
exposure to authentic noise and handearm vibration. Int Arch
Occup Environ Health 2011;84:951e7.
